The aim of this study was to investigate the role of rare variants in seven genes involved in AIDs: CECR1, MEFV, MVK, NLRP3, NOD2, PSTPIP1 and TNFRSF1A using a next generation sequencing (NGS) approach in 355 BD patients. To check global association of each gene, 4 tests: SKAT, CollapseBt, C(α) and weighted KBAC were used. Databases: 1000 Genomes Project Phase 3, Infevers, HGMD and ClinVar and algorithms: PolyPhen2 and SIFT were consulted to collect information of the 62 variants found. All the genes resulted associated using SKAT but only 3 (MVK, NOD2 and PSTPIP1) with C(α) and weighted KBAC. When all the genes are considered, 40 variants were associated to AIDs in clinical databases and 25 were predicted as pathogenic at least by one of the algorithms. Including only MVK, NOD2 and PSTPIP1, the associated to AIDs variants found in BD were 20 and the predicted as pathogenic, 12. The maxima contribution corresponds to NOD2. This study supports influence of rare variants in genes involved in AIDs in the pathogenesis of BD.
1
. The disease is characterised by inflammatory lesions of blood vessels which lead to a wide range of clinical phenotypes such as recurrent oral and genital ulceration, ocular involvement (mainly uveitis) and skin lesions, amongst others. The aetiology of BD remains obscure, although some evidences suggest that certain infectious agents and environmental factors may trigger the disease in genetically predisposed individuals 2 . BD is a rare disease, more common along the old "Silk Road"; from China to the Mediterranean area 3 . The geographical distribution, along with the familial aggregation and association with HLA class I molecules, currently support the genetic component of BD. In this sense, the HLA genetic contribution is estimated to be 20% 4 , with HLA-B51 having an OR of 5.8 5 . Recently, new non-HLA susceptibility genes, such as IL23R and IL10, have been reported to be involved in the susceptibility to the disease. Other evidences support the involvement of innate immunity and inflammation in the pathogenesis of the disease, in this sense, overexpression of pro-inflammatory cytokines, such as IL-1, IL-17, IL-23 and IFN-γ has been found in BD patients with active uveitis 6 . Genetic studies have provided evidence of the key role that inflammasome-related genes play in the pathogenesis of autoinflammatory diseases (AIDs). Inflammasome is a multimeric protein complex which is assembled by members of the families Nod-like receptors (NLR) and AIM2-like receptors (ALR), such as NLRP3, which is the most extensively studied inflammasome, to initiate defense mechanisms against bacteria. Two signals are required for NLRP3 activation: induction of the NLRP3 gene expression by sensor proteins (like TLRs and NOD2) and activation of the protein by a pathogen-associated molecular pattern (PAMP) or damage-associated molecular pattern (DAMP). NLRP3 activation triggers NLRP3-inflammasome assembly which results in IL1β release and pyroptosis 7 . The AIDs affect different organs and systems being some of them monogenic disorders and, therefore, variants in inflammasome-related genes cause the disease. Thus, variants in the MEFV gene cause familial mediterranean fever (FMF, OMIM #249100); in NLRP3, cryopyrin-associated periodic syndrome (CAPS, OMIM #120100); in TNFRSF1A, TNF receptor-associated periodic syndrome (TRAPS, OMIM#142680); in MVK, Hyper-IgD syndrome (HIDS, OMIM#249100) and in PSTPIP1, pyogenic arthritis, pyoderma gangrenosum, and acne syndrome (PAPAS, OMIM#604416). Nevertheless, there are also some syndromes classified as AIDs, which are polygenic and complex, such as Crohn's disease (CD, OMIM #266600), in these cases, the disease is not caused by variants in a specific gene, but it is associated to changes in several genes, for example, CD has been associated to variants of the NOD2 among other genes. In addition, environmental factors are required in genetically susceptible individuals to trigger these complex diseases.
BD has a considerable clinical overlap with many of the AIDs, therefore it is plausible to hypothesize that variants in genes involved in these diseases, most of them related with the inflammasome, could partly explain the genetic component of BD. The involvement of these genes in BD could have remained hidden in genome wide association studies (GWAS) because, although these studies are effective in the identification of common variants associated to diseases, they are not suitable for detecting associations with rare or infrequent variants. In this sense, the study of rare variants and the study of polymorphisms have different approaches because the case-control studies, usually used to compare distributions in order to investigate the involvement of polymorphisms in susceptibility to complex diseases, are unusefull to analyze rare variants, because of the absence or the extremely low frequency of their minor allele in general population.
The aim of this study was to assess whether rare variants in genes involved in AIDs, most of them related with the inflammasome, contributes to the pathogeny of BD. The study was performed by exploring the mutational spectrum of this set of genes in a cohort of BD patients using a next generation sequencing (NGS) approach.
Methods
Patients. The 10 , using a somatic mutation detection and quantification pipeline implemented in the software. Readings were aligned to the human genome reference, hg19. Variants reported by Ion Reporter were verified and filtered by visual inspection on Integrative Genomics Viewer IGV v2.3.68, Broad Institute 11 in order to verify the missense mutation presence and to perform a confirmation of the reading alignments. Ion Reporter was also used to quantify the number of mutated alleles in each pool. In our study, one variant in a pool corresponds to 1 allele out of the 10 possible (5 patients per pool) and therefore, it would be quantified as 10%.
Validation of the sample pooling results. Ion Reporter was used to quantify the number of mutated alleles/pool (namely, to quantify germline alleles in pooled samples). This software was primary designed to quantify somatic variants in individual samples; therefore, a validation study was carried out for assessing the accuracy of the method. This validation was performed by analyzing 101 variants in samples of 5 patients which had previously been sequenced individually. The quality control results were 100% sensitivity, all variants detected in the analysis of the individual samples were also detected in pooled samples and 100% specificity, none false-positives were present in the analysis of the pools. The global correlation in the allele quantification was R 2 = 0.91 ( Figure S2 ).
Classification of variants.
Variants found in patients were classified according to their minor allele frequency (MAF) in the entire population of the 1000 Genomes Project Phase 3 (www.ensembl.org) as common, those variants with a MAF > 0.05; rare, 0 < MAF < 0.05; and undetected, undescribed in that database. Clinical significance of the missense variants found was investigated in human mutation databases: Infevers 12 , HGMD 13 and ClinVar 14 in order to know, which variants are considered non-pathogenic polymorphisms, which variants have been described to be associated with AIDs and which variants are not described. Lastly, two bioinformatics approximations, PolyPhen2 (HumVar model) and SIFT, were used to evaluate the functional impact of variants in the proteins 15 .
Disease association studies. The association of the rare variants of each gene with the diseases was evaluated for using Variant Tools software 16, 17 . For patient data, the 71 calling files from Ion Reporter were randomly splitted in 5 files with GATK (Broad Institute, MA) to conserve number of samples (n = 355), these VCF files were imported to the Variant Tools software. For the controls, data from 107 samples of 1000 genomes project IBS population were retrieved as VCF files using Data Slicer 18 , according to bed file containing target regions of our NGS panel. These files were concatenated with the VCF tools software 19 and imported as a single file to Variant Tools. Variant annotation was filtered with NSFP database, including only missense variants with MAF ≤ 0.05 in controls. These variants were included in the gene association studies performed and analyzed with the Variant Tools implementation of 4 different tests: a burden or aggregation test, SNP-set (Sequence) Kernel Association Test (SKAT) 20 ; a fixed threshold collapsing method, CollapseBt 21 ; one test used to contrast the unusual distribution of minor alleles in cases and controls, C(α) 22 ; and, lastly, a weighted burden test 23 , weighted KBAC 24 , which is similar to SKAT but scoring the variants taking into account their Polyphen2 score. Variants were grouped by gene name in refGene database. NOD2 p.Arg702Trp and p.Gly908Arg single variant association to BD was evaluated by Chi-square test. A p-value < 0.05 was considered significant.
Association between rare variants (those with MAF < 0.05) of each gene and clinical manifestations was investigated after Sanger-sequencing of all the samples of the pool having each rare specific variant in order to know which sample has the variant. Ditribution were compared using Chi-square test with Bonferroni's correction, a p c -value < 0.05 was considered significant.
Sanger sequencing verification of novel variants.
Presence of those variants that were not found in human mutation databases and rare variants (those with MAF < 0.05) was verified by Sanger sequencing with BigDye ™ Direct Cycle Sequencing kit using primers generated by Thermo Fisher NGS Sanger confirmation software on Ion Reporter, following manufacturer's recommendations. Patients carrying each variant were identified in all the pools using this method. Data Availability. Complete datasets generated during and/or analyzed during the current study are available from the corresponding author on reasonable request. All the NGS raw sequence reads have been deposited in SRA database at: https://www.ncbi.nlm.nih.gov/Traces/study/?acc = SRP105162 New variants have been deposited in ClinVar database at: https://www.ncbi.nlm.nih.gov/clinvar/submitters/505967/ Ethical use of human participants statement. All participants signed a written informed consent to publish identified information prior to their enrolment in the study. All methods were performed after obtaining the signed informed consent from patients, and in accordance to our institution (Hospital Universitario Virgen del Rocio) ethical committee, and with the Helsinki Declaration of 1975, as revised in 1983.
Results
All the coding regions and flanking intronic sequences of the 7 genes studied were covered with two exceptions: the amplicon of the first half of the MEFV exon 5, (aminoacids from 453 to 486) because it did not reach the minimal coverage requirements and a region in TNFRSF1A exon 10 (aminoacids 372 and 380) which was not targeted by the primers proposed by the Ion AmpliSeq ™ software. In the total of 27,375 bases sequenced in these 7 genes, 62 missense (exonic) single nucleotide variants (SNP) were found (detailed information is displayed in Table S1 ). Variants were detected in all the genes and the frequency of each of them is displayed in Fig. 1 . Neither insertions/ deletions with enough quality of sequence, nor intronic variants in the two exon-nearest bases were identified. Table 2 and they are different depending on the test applied: the seven genes could be evaluated and resulted associated with SKAT; when CollapseBt was used, CECR1 had to be excluded from the analysis and other two genes resulted non-associated: MEFV and TNFRSF1A; lastly, the results with the C(α) and weighted KBAC tests were the same, CECR1 could not be evaluated and MEFV, NLRP3 and TNFRSF1A did not reach significance whereas MVK, PSTPIP1 and NOD2 were associated.
In regard to the available clinical information in human mutation databases, 4 out of the 5 missense variants with MAF > 0.05 in healthy population are considered non-pathogenic polymorphisms (CERC1 p.His335Arg, MEFV p.Arg202Gln, MVK p.Ser52Asn and NOD2 p.Pro268Ser), whereas one is considered associated to FMF (MEFV p.Glu148Gln). Regarding the 34 variants with MAF between 0 and 0.05 in healthy population, 2 have been described as non-pathogenic polymorphisms although functional effects have been reported in some cases [25] [26] [27] Figure S2B) .
Next, two bioinformatic approaches, PolyPhen2 and SIFT, were used to evaluate the functional impact of variants in the proteins. PolyPhen2 predicted some damaging variant in all the 7 genes included, whereas according to SIFT, none of the variants detected in our BD patients in MVK, NLRP3 and PSTPIP1 were damaging. A total of 25 out of the 62 variants (38.7%) detected were predicted as damaging, 10 only by PolyPhen2, 5 only by SIFT and 10 by both approaches. Both algorithms, predicted MEFV p.Glu148Gln as damaging, but the rest of the 4 SNPs with MAF > 0.05 in healthy populations and also NLRP3 p.Glu703Lys and NOD2 p.Val955Ile as non-damaging. Regarding rare variants associated to AIDs in clinical databases or reports, the prediction of PolyPhen2 and SIFT was damaging for 41% and 24% respectively, whereas for the unknown variants, it was 22% and 27% (Table 1  and Table S1 ). With respect to the damaging prediction for the 10 variants described in healthy population but not found in clinical databases or reports, 2 were predicted by PolyPhen2: CECR1 p.Ala247Val and PSTPIP1 p.Thr68Met, 2 by SIFT: CECR1 p.Arg49Trp and NOD2 p.Leu81Val and 1 for both: MEFV p.His404Arg. In regards to the prediction for the 7 new variants, 1 was predicted as damaging by PolyPhen2, PSTPIP1 p.Asp289His, whereas SIFT predicted 2: NOD2 p.Leu349Phe and TNFRSF1A p.Asn336His.
Lastly, to evaluate the contribution to the disease of these 7 genes, the percentage of pathogenic alleles in our BD patients was calculated taking into account the results of: 1) the gene association tests, 2) the variants included in clinical databases associated to AIDs, and 3) the prediction of PolyPhen2 and SIFT. When all the 40 variants associated to AIDs in clinical databases in these 7 genes are included in the estimation, the total number of mutated alleles in our patients is 219 (out of 710 possible, 30.84%). The maxima contribution corresponds to NOD2 (16.61% of the variants), followed by NLRP3 (6.76%), MEFV (4.4%) and the rest, TNFRSF1A (1.69%), MVK (0.70%) and PSTPIP1 (0.42%) and CECR1 (0.28%). When only the MVK, NOD2 and PSTPIP1 are included, the number of mutated alleles in the 20 variants reported as associated to AIDs is 126 (17.75%). A total 71 alleles (10.0%) were predicted as pathogenic by PolyPhen2 and/or SIFT but only 44 alleles (6.20%) were predicted by the two algorisms, corresponding the maxima contribution to NOD2 in all the cases (Table 3) .
NOD2 p.Asn289Ser, p.Arg702Trp and p.Gly908Arg are loss of function variants which are damaging according with PolyPhen2 and associated to CD, although, they have been reported as possible protective in BD 28, 29 . These variants have a relatively high frequency, thus, in order to improve the knowledge of the effect of these Variants weighted by their Polyphen2 score. The P-values < 0.05 were considered significant and they are shown in bold. NA: Not available, the gene could not be evaluated.
variants in BD, their frequencies in the patient group were compared with those obtained in ethnically matched healthy controls. No significant differences were observed in any case (Table S2) . Even excluding the alleles provided by these 3 loss of function variants, NOD2 remain as the major contributor (11% of the alleles). Table 3 . Number of alleles of the different variants found in our BD patients reported in clinical database and/ or pathogenic according to PolyPhen2 and/or SIFT. Variations pathogenic according to the bioinformatic prediction are displayed in bold. Finally, Table S3 
Discussion
The most relevant result of this study is the description of a considerable number of rare variants, in inflammasome-related genes in patients with a polygenic, complex and immune-mediated disease, such us BD, using a NGS approach. These exonic variants are extremely rare or even absent woldwide in healthy population and most of them are considered causative in monogenic AIDs.
Several studies have investigated the association of BD with specific missense variants in two of these genes, MEFV and NOD2 30 . In addition, the entire coding sequence of NOD2 has also been investigated 28, 29 , although NGS was used only in one study 29 . The previous NGS study, reported no association of any of the 5 of the Japanese studied genes (NLRP3, TNFRSF1A, PSTPIP1, MEFV and NOD2) but association of the two genes (MEFV and NOD2) investigated in Turkish. Study of the association of rare variants in complex diseases has difficulties because of the lack of statistical power. In order to avoid this problem, specific tests grouping variants to check the association of the entire gene have been designed. NOD2, resulted associated with all the tests used, nevertheless, association of MEFV was detected only using SKAT; differences among tests depend on the statistical power, type I errors likehood, linkage disequilibrium (LD), etc. Regarding the rest of the genes studied, association of PSTPIP1 and MVK was detected with all of the tests, whereas non-association of NLRP3 and TNFRSF1A was observed with C(α) and weighted KBAC, finally, CERC, had to be removed from these two last tests.
Another point that hinders the address of these studies is to determine which variants could influence the pathology and which not. In general, variants common in healthy population are polymorphism but there are exceptions such as MEFV p.Glu148Gln (MAF in global healthy population = 0.13) very common in Asian populations, although rare in European (MAF = 0 in the IBS population) which is found in 14% of Spanish FMF patients 31, 32 . In regard to the rare variants, there is a great diversity and population differences. For example, the previous NGS study reported 27 variants with MAF < 0.03, but only 4 were shared with those found in the present suggesting that these variants are specific of each population. In addition, the low frequency of these variants entails a lack of information in clinical databases and ignorance of functional implications based only in the prediction algorithms available. PolyPhen2 is an algorithm with a high specificity; in fact, in our study it predicts as benign all the variants known to be polymorphisms, but its sensitivity is low, many of the variants associated to AIDs are classified as benign by PolyPhen2, even the highly pathogenic MEFV p.Met694Val the most common variant in FMF Spanish patients 32 . Regarding to SIFT, also has a lack of sensitivity, since variants with demonstrated pathogenicity, such as MEFV Met694Val and Val726Ala, and MVK Thr237Ser and Val377Ile, are predicted as tolerated. Rate of concordance between both algorithms in our study was 75.8% and, although in general, SIFT had a lower sensitivity than Polyphen2, discordances in both senses were found. Combination of both algorithms might be a good option, especially in those many cases in which other functional information is not available. One of the most important limitations of our study is precisely the lack of functional studies and the difficulty to address them easily because of the multiple variants found. Therefore, some of these variants may contribute to the disease onset, but others could be only SNPs without any effect, so that functional and familiar segregation studies of each variant should be carried out in order to assess their phenotypic effects and penetrance. In fact, we can not discard influence of rare variants with clinical features because, although no statistically significant differences were found in any case, sample size is too low to discard association.
In addition, our study used IBS population as control and, although this population is theoretically ethnically matched with our BD cohort, samples were studied in a different way (individually, not pooled) and using a different platform. Therefore, although previous studies suggest that data obtained from both platforms are comparable 33 , and analysis of the distribution of common SNPs along with verification by Sanger sequencing of variants with MAF < 0.05 suggests that this possibility is unlikely, stratification problems can not be completely ruled out.
All these reasons make difficult the quantification of the weight of each gene in the disease, although, NOD2 was the most contributor with all the conditions used in our study. NOD2 encodes a protein involved in bacterial recognition and loss of function variants, such as p.Arg702Trp, p.Gly908Arg and p.Leu1007fsinsC, has been associated with CD 34, 35 . These loss of function NOD2 variants have been reported as possible protective in BD, nevertheless, no evidence of this role was found in our cohort. Additionally, the distribution of the p.Asn289Ser, which is not associated to CD but which has a marked reduction of NF-kB activation 36 , is not different in BD Spanish patients and controls. From these 3 variants, p.Arg702Trp was not included in the association study of the gene because of its MAF > 0.05. Together with NOD2, PSTPIP1 and MVK are associated with the disease with all the tests used. PSTPIP1 is also part of inflammasome interacting with MEFV, variants in this gene cause PAPAS, an autosomic dominant syndrome and PAPAS-related variants enhance the release of IL1β 37 . Regarding MVK, it encodes an enzyme involved in cholesterol synthesis. Loss of function variants in this gene gives rise to the accumulation of mevalonic acid and mevalonolactone that co-stimulate inflammasome. The more than 120 variants described to date in this gene have been associated with HIDS and mevalonate kinase deficiency [38] [39] [40] . Association of the rest of the genes has a less support in our study, this is the case of MEFV which encodes a pyrin that is a component of NLRP3 inflammasome complex 41 . The result of no-association of MEFV when CollapseBt was used could be partiallly explained because some of the variants of this gene are described as part of the same complex allele 12, 31 , being the only showing evidences of LD in our study and, as a consequence, some genetic test could overestimate the association of MEFV. In addition, discrepancies among populations could be based in ethnical differences. In this sense, previous NGS study in Turkish patients concluded that the non-synonymous MEFV variants are, in general, associated to the disease although the main weight was attributed to p.Met694Val, nevertheless, only 2 alleles of this variant were found in our cohort. Additionally, despite the relatively high number of variants found in this gene in both studies, only 8 (including founder MEFV variants) are shared. Variants in this gene cause FMF, those better known as high pathogenic are 4: p.Met680Ile, p.Met694Val, p.Met694Ile and p.Val726Ala 42 that have been reported in BD patients 30, 43, 44 . These variants were found in our cohort together with other 14 variants, including the well-known non-pathogenic polymorphism p.Arg202Gln, although the MEFV most common variant in our study (excepting p.Arg202Gln) was p.Ile591Thr, which is an uncommon variant previously associated to FMF 32 . Therefore, further studies are needed to clarify the role of this gene in BD. Association of NLRP3 was detected with SKAT and CollapseBt but did not reach significance with C(α) and weighted KBAC, perhaps because of lack of statistical power. This gene encodes a component of the inflammasome and its variants have been associated with diverse autoinflammatory syndromes. TNFRSF1A, which encodes a TNF receptor and cause TRAPS, was found associated only with SKAT. Lastly, CECR1, which could only be analyzed with SKAT, encodes an adenosine deaminase (ADA2) and has been associated with Cat Eye Syndrome, Sneddon's syndrome and Polyarteritis nodosa. Variants in this gene cause hypogammaglobulinemia and decreased B-cell and monocyte differentiation.
In summary, many rare variants in AIDs related genes are found in BD patients. Some of these variants may play a role in the pathogenesis of this disease, although others could be polymorphisms without any significance in the susceptibility. Specifically, this study supports influence of variants of NOD2, PSTPIP1 and MVK in the pathogenesis of BD. Among these genes, NOD2 would be the major contributor. Altogether these results support a contribution of the innate immune system in the pathogenesis of BD.
